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A multimode interferometer (MMI) for the measurement of magnetic field based on concatenated 
S-tapered fibers is proposed and experimentally demonstrated. Spectrally interrogated magnetic 
field sensing is achieved by integrating the proposed MMI with magnetic fluids. The magnetic 
sensitivity of the MMI reaches 0.011 dB/Oe. Owing to its desirable advantages such as compactness, 
low cost, fast response and flexible structure, the proposed MMI is anticipated to find potential 
applications in in-situ measurement of magnetic field. 
 




Magnetic fluids (MFs) is one kind of magneto-optical nano-material constituted by surfactant-
coated magnetic nanoparticles suspending in carrier fluids [1]. Under external magnetic fields, MFs 
would exhibit versatile physical properties, including Faraday and birefringence effect, tunable 
refractive index, thermal-optical effect, optical anisotropy, and field-dependent transmission, etc [2-
6]. And in recent years, MFs has been applied as functional materials in various photonic devices 
such as magneto-optical modulators [6, 7], optical switches [8], tunable optical capacitors [9], 
tunable filters [10], and magnetic field sensors [11-24], etc. 
In particular, magnetic field sensors have found various applications in the fields of scientific 
research and civil engineering. With the rapid development of fiber photonics, fiber-optic magnetic 
field sensors have been intensively studied for their compact size, rapid response, immunity to 
electromagnetic interference, and corrosion resistance. Due to the refractive index tunability of MFs 
under external magnetic field, various optical fiber structures have been functionalized with MFs to 
achieve magnetic field sensors, including fiber gratings [11-13], micro-fiber structures [14-17], no-
core fiber (NCF) [18, 19], thin-core fiber (TCF) [20, 21], and MF-infiltrated photonic crystal fibers 
(PCF) or hollow core fiber (HCF) [22-24]. In addition, fiber interferometers functionalized with 
MFs have also been developed for the magnetic field sensing [25-28]. Xia et al. proposed a fiber 
Fabry-Perot cavity with a fiber Bragg grating written in the lead-in fiber to achieve simultaneous 
detection of the magnetic field and temperature [27]. Li et al. proposed a magnetic field sensor by 
employing a twin-core-fiber-based compact in-fiber Mach±Zehnder interferometer [28]. 
Recently the S-tapered fiber interferometer has attracted growing research interest and a good 
variety of S-tapered fiber sensors have been developed for the measurement of different physical or 
chemical parameters such as temperature [29], refractive index [30], strain [31], and humidity [32], 
etc. An in-line Mach±Zehnder interferometer (MZI) based on two S-bend fibers has been proposed 
to measure the displacement and force in the meantime [33]. However, due to the slight difference 
between of waist diameters of S-tapered fibers and single mode fiber (SMF), the RI sensitivity of 
their proposed fiber interferometer is relatively low.  
To solve the above issue, in this paper a MMI based on concatenated thin-waist S tapers is 
proposed and experimentally investigated. The two S-tapered fibers are simply fabricated by using 
a commercial fusion splicer with off-axis pulling mode to enhance the evanescent field and the 
length of the SMF between two S tapers is 9 mm. Owing to the multimodal interference induced by 
the mode field mismatch between the S-taper fibers and SMF, the transmission loss of the proposed 
MMI is sensitive to the applied magnetic field intensity. The proposed MMI has compact size, low 
cost, fast response and flexible structure, which make it a promising candidate for practical magnetic 
field sensing applications.  
 
2. Experimental setup and operation principle 
 
The experimental setup for magnetic field sensing system based on concatenated S-tapered MMI 
is shown in Fig. 1, which consists of a broadband source (BBS, wavelength ranges 1250 nm to 1640 
nm), an optical spectrum analyzer (OSA: Yokogawa AQ6370C, operation wavelength ranges from 
600 nm to 1700 nm) with a resolution of 0.5 nm, two electromagnets, and a tunable voltage source 
(TVS). The electromagnetic field produced by the TVS and applied in perpendicular to the fiber 
axis. The magnetic field intensity is measured by using a Tesla meter with a resolution of 0.1 Oe. 
The sensing region is kept straight by a fiber holder and a rotator and then encapsulated into a 
FDSLOODU\ ZLWKDQLQQHUGLDPHWHURIȝP%\H[SORLWLQJ FDSLOODULW\ IRUFHWKHFDSLOODU\ LVILOOH d 
with MFs (EMG605, Ferrotec, Inc.). Both ends of the capillary tube are sealed with paraffin to avoid 






Two S tapers are fabricated by using a commercial fusion splicer. The fabrication procedure of 
the MMI structure is shown in Fig. 2. A segment of SMF (SMF-28e) is clamped by fusion splicer 
clamps to keep it straight, as shown in Fig. 2 (a). Subsequently, one fiber clamp is manually 
FRQWUROOHG WRREWDLQVRPHD[LDORIIVHWDQGD³FOHDQ´DUFFKDUJHLVSHUIRUPHGWRIRUPDQ6WDSHUDV
shown in Fig. 2 (b). The waist diameter of the S-taper could be further reduced by moving the 
clamps outward with minimum step size and applying discharge for a second time. This procedure 
is repeated 5 to 6 times. After that, as shown in Fig. 2 (c) and (d), the fiber is cut off by using a fiber 
cleaver at the other end about 4 to 5 mm from the taper region, and then is spliced with another S-
taper fabricated in the same way. Fig. 3 gives the microscopic images of the two fabricated S-tapered 
fibers. The geometrical parameters of two S tapers are as follows: waist diameter W1 ȝP
W2 ȝPOHQJWK/1 ȝP/2=4ȝPD[LDORIIVHW'1 ȝP'2 ȝP7KH











For a single S-tapered fiber, high-order cladding modes are excited at the first fiber taper. When 
the input light propagates through the second coupling region, the core mode and cladding modes 
will interfere due to the presence of difference in optical paths [34]. The interferometric dip 
wavelength mO can be expressed as: 
 
m eff=2 n L/(2m+1)O '    
where effn is the effective refractive index difference between the core and the cladding modes, L
is the effective length of the S-tapered region, and m is the interference order. Fig. 4 (a) shows the 
transmission spectra of the two S-tapered fibers, and fig. 4 (b) shows the Fourier frequency spectra 
of these two S-tapered fibers. It can be seen that, besides the fundamental frequency there is only 
one main frequency component in the Fourier frequency spectra of a single S-tapered fiber 








When SMF is spliced with the two S-tapered fibers in between, the concatenated structure can be 
regarded as a multimode waveguide. Multitude of high order cladding modes would be excited at 
the lead-in S-tapered fiber. Meanwhile the light propagating through the fiber core is still operating 
in single mode. In the lead-out S-tapered region, some of the high order cladding modes could be 
coupled back into the fundamental core mode. Due to the difference in propagation constants for 
different high order cladding modes, multitude of cladding modes and the fundamental mode in 
fiber core would interference with each other and multimodal interference would occur as light 
propagates through the S-tapered fibers in turn. And thus interferometric transmission spectrum can 
be obtained at output of the dual S-tapered fiber structure. As shown in fig. 4 (c), frequency 
components of the modes participating in the modal interference are quite complex, causing the 
interference spectrum to deviate from standard period pattern. Assume the total length of the MMI 
is z, the output transmission of light can be written as: 
 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where E is the superposition of field profile, M is the number of the optical modes that participate 
in multimodal interference, ma , m\ , mE  and mJ  are the excitation coefficient, field profile, 
propagation constant and the evanescent absorption coefficient, respectively. 
 When the proposed sensor is immersed in MFs, the evanescent absorption coefficient mJ  can 
be written as [35] 
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where O is the wavelength in vacuum, OD is attenuation coefficient of the cladding material (MFs 
in our experiment) at wavelength of O , MFn and cn  are the refractive indices of the MFs and 
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When certain magnetic field is applied, magnetic particles will be magnetized to form a 
nanochain-like structure paralleled to the field direction [36]. Phase separation will occur during 
this process, causing the variation in effective dielectric constant [37]. The relationship between 
refractive index MFn and effective dielectric constant MFH is shown by [38] 
 MF MFn H    
The effective dielectric constant MFH  of the MF film can be expressed as [37] 
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where colH  and liqH  represent the dielectric constant of the magnetic column and the liquid phase, 
respectively. colH  maintains constant, but liqH varies with the magnetic-field strength. 
   / / 1 /col colf A A A A  , where /colA A represents the area occupied by the magnetic 
columns, which is dependent on the external magnetic field. Thus according to Eq. (5) and Eq. (6), 
the refractive index MFn is dependent on the strength of applied magnetic field. 
The presence of applied magnetic field affects the refractive index MFn , leading mJ and mE  to 
change [35]. According to Eq. (2), the change of the magnetic field intensity can be detected by the 
output transmission intensity. 
Fig. 5 shows the simulated light propagation through the dual S-tapered fiber structure based on 
beam propagation theory (BPM). Insets give enlarged two S taper regions. From the simulation 
results, it is apparent that the evanescent field around the two S taper regions are significantly strong, 
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3. Experimental results and discussion 
 
All of the experiments were conducted under a constant room temperature of 25.9ć. Fig. 6 shows 
the transmission spectra of the MMI exposed in air and immersed into MFs, respectively. Due to 
the strong absorption and scattering of MFs as well as the variation in environmental refractive, 





Fig. 7 shows the transmission spectra of the MMI under different applied magnetic field. As 
magnetic field intensity increases from 0 Oe to 500 Oe, the magnetic fluid nanoparticles tend to 
agglomerate to form magnetic chain-like clusters. Thus the refractive index of MF will change with 
the magnetic field intensity, causing the increment of spectral transmission loss.  
Fig. 8 gives transmission spectral responses of dip A and dip B to the change of applied magnetic 
field intensity. Due to the initial magnetization, the transmission spectral intensity slightly changes 
when the magnetic field intensity is below 50 Oe. And because of saturated magnetization of the 
MFs, transmission spectral intensity tends to maintain unchanged when applied magnetic field 
intensity is higher than 300 Oe. As magnetic field intensity increases from 0 Oe to 500 Oe, the 
transmission intensity increases from -42.743 dB and -39.077 dB to -38.944 dB and -37.029 dB for 
dip A and dip B, respectively. It should be noted that as applied magnetic field intensity lies between 
75 Oe and 250 Oe, transmission intensities for the above two dips both linearly vary with the 
magnetic field intensity. The magnetic sensitivity and coefficient of determination reach 0.011 
dB/Oe and 0.98167 for dip A and 0.007 dB/Oe and 0.99541 for dip B, respectively. 
A comparison of performances between our proposed concatenated S-tapered fiber sensor and 
other fiber-based structures is summarized in Table 1. It can be seen that compared with other sensor 
structures, our proposed magnetic field sensor is more compact but shows the same order of 
magnitude in terms of magnetic field sensitivities and measurement range. And moreover, our 
proposed sensor is based on SMF with no need of core offset splicing and the diameters of the 
tapered regions are still larger WKDQ  ȝP ZKLFK PDNH this sensor easier to fabricate, more 
economical and more robust. It is worth noting that the sensitivity of the proposed concatenated S-
tapered fiber sensor could be further improved by reducing the taper diameter and increasing the 
fluid interaction length. 
 
Table 1. Sensor performances of the proposed concatenated S-tapered fiber interferometer in 
comparison with other fiber-optic magnetic field sensors 
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A magnetic field sensor based on concatenated S-tapered fiber MMI integrated with MFs has 
been proposed and experimentally demonstrated. Experimental results indicate that the transmission 
spectral intensity of the proposed MMI is sensitive to the change of applied magnetic field intensity, 
and linear sensing curve has been experimentally acquired for a magnetic field intensity range of 
100 Oe to 250 Oe. The performances of the proposed magnetic field sensor can be further improved 
by optimizing the geometrical parameters of S-tapered fibers. Owing to its advantages such as 
compactness, low cost, fast response and flexible structure, the proposed MMI sensor provides a 
promising candidate for the measurement of magnetic field intensity in practical applications. 
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